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Introduction
Two branches o f tetrapyrrole biosyntheses can be distinguished in plants, the iron branch lead ing to cytochromes and the magnesium branch leading to chlorophylls. Branching occurs at the stage of protoporphyrin. Insertion of iron with ferrochelatase yields protoheme, the precursor of most cytochromes. Insertion of magnesium with magnesium chelatase yields magnesium proto porphyrin, an intermediate in chlorophyll biosyn thesis. Ferrochelatase consists of one peptide chain, the enzyme reaction requires only proto porphyrin and reduced iron ions without further cofactors. Magnesium insertion is more compli cated. the reaction requires A T P besides proto porphyrin and magnesium ions. The enzyme magnesium chelatase consists of 3 subunits en coded by 3 genes named bchH, bchD and bchl in Rhodobacter sphaeroides (Gibson et al., 1995 , Willows et al., 1996 , chlJ. chlD and chlH in Synechocystis PC6803 (Jensen et al., 1996a) and Xan-f, Xan-g and Xan-h in Hordeum vulgare (Jensen et al., 1996b) . Subunit BchH (and proba bly also the barley homology Xan-f) binds protoReprint requests to Prof. Rüdiger. Fax: 089/17861-185. porphyrin (Gibson et al. 1995) , the role of the other subunits is not yet clear.
The location of the enzyme has not yet been clearly established. Fuesler et al. (1984a) found in hibition with p-chloromercuribenzene sulfonate when they investigated the enzyme reaction in in tact, developing cucumber chloroplasts. The au thors concluded that the enzyme must be accessi ble from the outside of the chloroplast since the inhibitor does not readily penetrate through mem branes and does not inhibit stromal enzymes. Ex periments with broken plastids revealed a soluble and a membrane-bound fraction that were both needed for enzyme activity Wein stein, 1991b, 1994) . It was assumed by many au thors without further proof that the insoluble frac tion was localized in the envelope membrane. However, reexamination o f the localization re vealed that magnesium chelatase is a soluble en zyme located interior to the chloroplast inner en velope (Walker and Weinstein, 1995) . Gibson et al. (1995) discussed the possibility that the known su bunits that are soluble proteins might form a highmolecular complex that could be precipitated by centrifugation. This property could simulate mem brane binding.
The ready accessibility by exogenous protopor phyrin (Fuesler et al., 1984a ) cannot be taken as argument for localization o f magnesium chelatase in the envelope membrane, because the product magnesium protoporphyrin is further metabolized in intact plastids to protochlorophyllide (in dark ness) and chlorophyllide (in the light) (Fuesler et al., 1984b) . Both compounds are accumulated in the inner membranes of plastids. On the other hand, lack of inhibition of the enzyme in intact plastids by exogenous protochlorophyllide and chlorophyllide (Walker and Weinstein, 1991a) could mean either that these compounds do in deed not inhibit the enzyme or that they do not penetrate to the site of enzyme location.
Magnesium protoporphyrin, the product of the enzyme-reaction, and its monomethyl ester are be lieved to interact with transcription of several nuclear genes (Johanningmeier and Howell, 1984; Johanningmeier, 1988; Oster et al., 1997) . Johan ningmeier and Howell assumed localization o f magnesium protoporphyrin in the envelope mem brane for this interaction. However, Ryberg (1983) found this compound and its methyl ester accumulated in the inner membranes of wheat etioplasts after treatment with 5-aminolevulinate and 8-hydroxyquinoline. Both compounds were found in chlorophyll-protein complexes (Fradkin et al., 1988) .
Magnesium chelatase as a key enzyme in the magnesium branch of tetrapyrrole biosynthesis can be supposed to contribute to light regulation of chlorophyll biosynthesis. Transfer of etiolated barley seedlings from darkness to light resulted within 5 -6 h in an about 50-fold increase in Xan-f m R N A and an about 4-fold increase in enzyme activity (Jensen et al., 1996b) . The light effect was much smaller in green barley seedlings, it was su perimposed by a circadian rhythm in this case. We found a rapid, transitory increase in magnesium protoporphyrin and its methyl ester after transfer of green barley seedlings from darkness to light, culminating at 30-60 min after the transfer (Pöpperl, Oster and Rüdiger, unpublished results). The level of protoporphyrin remained below the limit of detection all the time. Since the increase was significantly faster than the increase in the level of Xan-f m RN A, we asked the question whether light activation of magnesium chelatase was the reason for this increase. Besides the ques tion of light activation, penetration of possible in hibitors of the enzyme will be described.
Plastid isolation
Barley seedlings ( Hordeum vulgare L., cv. Steffi) were grown for 5 d at 26 °C on moistened Vermic ulite in total darkness for etioplast isolation or un der 12 h light/12 h dark cycles for chloroplast isola tion in a growth chamber under 80% relative humidity. A ll subsequent manipulations were per formed under dim green safety-light keeping the plant material on ice and the solutions at 4 °C. The shoots (40 g fresh weight) were harvested, cut into small pieces with scissors immersed immediately into 400 ml buffer 1 (0.33 m sorbitol, 50 mM N-(2-hydroxyethyl)piperazine-N-(2-ethane-sulfonic acid) (H epes)-KO H , pH 7.5) and homogenized with an ultra-thurax. The homogenate was filtered through a nylon mesh (22 (im). The residue was reextracted in the same way with the ultra-thurax and another 400 ml o f the buffer 1. The resulting homogenate was filtered as before. Centrifugation of the combined filtrates at 3840 x g for 1 min yielded a pellet consisting of intact and broken plastids. The pellet was resuspended in few ml of buffer 1 and filtered again through a nylon mesh (22 |xm). This filtrate was applied to a Percoll step gradient consisting of 8 ml 85% Percoll and 10 | _d 40% Percoll in buffer 2 (0.33 m sorbitol, 30 mM Hepes-KOH, pH 7.7, 1 mM E D T A ). A fter centrif ugation at 2600 x g for 7.5 min, the intact plastids were in the interphase between the 2 Percoll con centrations. This layer was transferred into a new tube, diluted with 25 ml buffer 2 and centrifuged at 2,100xg for 3 min. The pellet was resuspended in few ml buffer 2. The protein concentration was determined and the concentration adjusted by di lution to 1 mg protein/ml. This suspension was im mediately used for the enzyme reaction.
If indicated, the etioplasts or chloroplasts were irradiated for 15 min with 36 [.imol • m~2s-1 white light (fluorescent tubes). They were kept on ice during irradiation.
For isolation of intact etioplast after the enzyme reaction on a microscale, the reaction mixture was applied to 40% Percoll in buffer 2 and centrifuged at 2100 x g for 7.5 min. The intact etioplasts that formed a pellet under these condition were col lected. The broken etioplasts were removed to gether with the supernatant containing the Percoll-buffer mixture.
Materials and Methods

Magnesium chelatase assay
The reaction was performed with intact etioplasts or chloroplasts according to Fuesler et al. (1984b) with modifications introduced by Walker and Weinstein (1991a) . Each sample consisted of 250 jal buffer 2 (see above) containing 1.5 (im pro toporphyrin IX, 5 m M M gCl2. 8 m M ATP, 0.2% bo vine serum albumin and plastids with 50 |ig pro tein. The mixture was incubated in darkness at 30 °C for 60 min. The reaction was stopped with 750 (il acetone. The protein precipitate was re moved by centrifugation. The content of magne sium protoporphyrin was determinded in the clear supernatant by fluorescence spectroscopy (excita tion at 415 nm, emission at 597 nm) in a fluores cence spectrometer (type F-2000, Hitachi) . A calibration curve of authentic magnesium proto porphyrin in acetone/buffer had been deter minded before.
Chlorophyll synthase assay
The reaction was performed with intact etioplasts basically under the same conditions as the magnesium chelatase assay. Each sample consisted of 250 ^,1 buffer 2 (see under plastid isolation) con taining 8 m M ATP, 0.2% bovine serum albumin, etioplasts with 50 |ig protein, and (if indicated) 12 nmol geranylgeranyl diphosphate. The reaction was started by addition of 0.5 or 1 nmol chlorophyllide that was dissolved in 10 (.il dimethyl sul foxide. The reaction was performed in total dark ness for the indicated time (see Fig. 4 ) and then stopped by addition of 750 |xl acetone. Mixing with about 100 mg anion exchange resin DE 52 (W hat man) resulted in binding of the non-reacted chlorophyllide. The reaction product chlorophyll was extracted into 500 |il n-hexane that was cleared by centrifugation. The chlorophyll was determined in the hexane-phase by spectrophotometry according to Brouers and Michel-Wolwertz (1983) .
Chemicals
Protoporphyrin was purified in analogy to a method for hemin purification (Weinstein and Beale, 1983) . The disodium salt o f protoporphyrin (150 mg, Sigma) was dissolved in 95% ethanol containing 40 (.i m KOH. The solution was applied to a small column (5 x 100 mm) filled with D E A Esepharose-CL-6B (Sigma) which had been trans formed into the acetate form with 1 m Na-acetate, pH 7.0, and washed with 95% ethanol. Some con taminants were removed from protoporphyrin by washing o f the column with 95% ethanol and nbutanol/ethanol (1:1, v:v). The pigment was then eluted with 2 ml volumes o f a step gradient etha nol/water acetic acid (67:31:2 to 67:16:17 v:v:v). Each step added 3 vol. of acetic acid. Protopor phyrin eluted at 11-17 vol. acetic acid. The frac tions were mixed each with diethyl ether (2 ml)/ water (3 ml). The acid was removed from the di ethyl ether solution by repeated washing with water. The ether phase was collected. Residual water was then removed from the ether phase by freezing. The concentration of protoporhyrin was determined by spectrophotometry at 404 nm with £mM = 158. The diethyl ether was then removed by a stream o f nitrogen and the residue dissolved in a known volume o f dimethyl sulfoxide.
Pheophytin a, chlorophyllides a and b, pheophorbide a, zinc pheophorbide a were prepared ac cording to Helfrich et al. (1994) and Helfrich (1995) .
Results and Discussion
Magnesium chelatase is not activated by light
In order to study possible regulatory phenom ena, magnesium chelatase activity was determined in intact plastids. The method was adopted from that o f Fuesler et al. (1984b) with the modifica tions introduced by Walker and Weinstein (1991a) . The first experiments were perfomed with eti oplasts of barley seedlings of various age (Fig. 1) . As expected, the activity declined with increasing age of the seedlings. The decline reflects the wellknown symptom of aging during prolonged etiolement. The symptom includes degradation of many enzymes. Surprising is the high enzyme activity in young (4 d old) seedlings. It is higher than in green plants if based on total protein (see Fig. 2 ). We explain the lower value in green plants by the dra matic accumulation of total protein during green ing in the light. The increase in total protein is apparently larger than the increase in magnesium chelatase activity described by Jensen et al. (1996b) .
The test for possible light activation of magne sium chelatase required irradiation of the isolated ingly negative (Fig. 1) . There was no increase, but a small decrease in enzyme activity at every age o f the seedlings. Since etiolated plants might lack the full system for light protection that is present in green plants, we repeated the experiment with barley seedlings that were grown in 12 h dark/12 h light cycle for 5 days (Fig. 2) . One batch of plants was harvested under dim-green safety light at the end o f the dark period. The chloroplasts were prepared in the dark and the enzyme activity was determined without irradiation or with 15 min irradiation in vitro. A second batch of plants was irradiated in vivo for 10 min and a third batch of plants for 60 min be fore harvest. Any fast activation of the enzyme, if it would occur in intact plants, should be detecta ble at these time points. The chloroplasts from the second and third batch o f plants were investigated before and after in vitro irradiation for 15 min. As shown in Fig. 2 , no significant increase in activity was detectable after irradiation o f intact plants. The previously described increase in activity after 5 -6 h o f irradiation (Jensen et al., 1996b) was not yet detectable after 10-60 min o f irradiation. Irra diation in vitro resulted in a slight decrease of ac tivity, similar to the results with etioplasts. Summa rizing this part, no light activation of magnesium chelatase in barley seedlings was detectable.
Metall-free pheophorbide inhibits magnesium chelatase activity
A n obvious effect of irradiation of etioplasts is the photoconversion of protochlorophyllide to chlorophyllide. To test whether chlorophyllide could be the compound that was responsible for the somewhat lower activity in irradiated eti oplasts than in those that were kept in darkness, we incubated etioplasts with this compound in the dark. Several related pigments were applied for comparison. The results (Table I) can be summa rized as follows: Chlorophyllide and the related zinc pheophorbide showed a small but significant inhibition o f magnesium chelatase activity. H ow ever, inhibition by the metal-free pheophorbide was much stronger. The esterified pigments, chlo rophyll a and pheophytin a, did not significantly inhibit magnesium chelatase activity.
Chlorophyllide looses very easily the central magnesium. Therefore, one has to consider the possibility that the inhibition detected after incu bation with chlorophyllide was in reality the inhi bition by pheophorbide formed during the incuba tion. We consider this possibility unlikely, (1) because we did not detect more than traces of pheophorbide under the condition of incubation, and (2) the inhibition was nearly identical with that by zinc pheophorbide that does not loose its central metal unless heated with mineral acids. Zinc pheophorbide can substitute chlorophyllide in the esterification reaction with chlorophyll syn thase (Helfrich and Rüdiger, 1992) , and zinc protopheophorbides are equally good substrates as protochlorophyllide for light-dependent N A D H P -:protochlorophyllide oxidoreductase (Griffiths, 1980; Schoch et al., 1995) . We assume that the nearly identical inhibition of magnesium chelatase activity by zinc pheophorbide and chlorophyllide indicates that these two compounds are exchange able also here and have an identical binding site at magnesium chelatase. The lacking inhibition by chlorophyll and pheophytin could indicate either that magnesium che latase has no binding site for these compounds or that these compounds did not penetrate to the site of the enzyme. The poor solubility of these apolar pigments in the reaction buffer that resulted in dif fering results from experiment to experiment (see the large standard deviation in Table I ) points to the second possibility. This conclusion is further supported by permeability studies (see below).
The nearly complete inhibition of magnesium chelatase by pheophorbide is remarkable, since the inhibitor concentration was in the same order of magnitude as the concentration o f the substrate protoporphyrin. The inhibition was investigated in more detail. In a series o f dilutions, 50% inhibition was found at 0.23 nmol pheophorbide per sample. This means that the Kj value is at 0.92 [iM, i.e. lower than the concentration (1.5 jam ) of the sub strate protoporphyrin. One obvious conclusion is the penetration of pheophorbide to the site of the enzyme. If magnesium chelatase is a stromal en zyme (Walker and Weinstein, 1995) , the results of inhibition mean that pheophorbide either in terferes with protoporphyrin uptake within the en- velope membrane or is able to to pass itself the envelope membrane and bind to magnesium chelatase.
ChlorophyHide penetrates the envelope membrane o f plastids
The question which tetrapyrroles penetrate the envelope membrane of plastids was further inves tigated with chlorophyllide. Esterification of chlorophyllide is catalyzed by chlorophyll synthase, an enzyme that has been localized in the inner mem branes of plastids, namely thylakoids of chloroplasts (Soil et al., 1983) and prothylakoids and prolamellar bodies of etioplasts (Lütz et al., 1981) . No enzyme activity was found in the envelope mem brane (Soil et al., 1983) . Incubation o f intact eti oplasts with chlorophyllide and geranylgeranyl di phosphate should only yield esterified chlorophyll, if the substrates penetrate through the envelope membrane. Penetration of geranylgeranyl diphos phate through the envelope of etioplasts has been demonstrated before . Uptake of geranylgeranyl diphosphate and phytyl diphos phate from the culture medium by tobacco cell cultures and incorporation into chlorophylls (Benz et al., 1984) means also penetration of these sub strates through the envelope membrane of chloroplasts. Here we use the esterification reaction to demonstrate permeation of chlorophyllide through the etioplast envelope.
Intact etioplasts were incubated with chloro phyllide and geranylgeranyl diphosphate. We used the same buffer as for the magnesium chelatase assay so that the two sets o f experiments can di rectly be compared to each other. We found a nearly linear rate o f esterification during 60 min incubation at 20 °C and during at least 30 min in cubation at 30 °C (Fig. 3) . The decline of the ester ification rate after 60 min at 30 °C is probably due to consumption of substrate, more than 60% of the added chlorophyllide were esterified at this time.
Retention time [min]
Retention time [min] Fig. 4 . H PLC chromatogram of the pigment extract of intact barley etioplasts that were iso lated after the chlorophyll synthase reaction. The etioplasts were incubated for 60 min at 20 °C with 0.5 nmol chlorophyllide and 6 nmol geranylgeranyl diphosphate ( A ) or only with 0.5 nmol chlorophyllide (B ). The separation of intact and broken etioplasts after the reaction was achieved with a Percoll gradient on a microscale (see Materials and Methods). The pigments o f the intact etioplasts were ex tracted with acetone and applied to H PLC analysis. The conditions for chromatography were: 15 min 70% solution A (60% acetone) and 30% solution B (100% acetone), then a linear gradient to solution B within 10 min, further 10 min with solution B and within 15 min to solution A . For fluorescence detec tion, the excitation was set at 425 nm and the emission at 665 nm. Peak 1 = 132-hydroxychlorophyll a, peak 2 = chlorophyll a, peak 3 = 132hydroxy-chlorophyllide a, peak 4 = chloro phyllide a.
To prove that the esterified pigment is present in intact etioplasts and not confined to those eti oplasts that were broken during the incubation, we isolated the intact organelles via a Percoll gradient after the reaction. The pigments of these intact plastids were extracted and analyzed by H PL C (Fig. 4) . When the etioplasts had been incubated with chlorophyllide and geranylgeranyl diphos phate, only esterified pigment was found in the isolated organelles (Fig. 4A) . This is the clear evi dence for penetration of exogenous chlorophyllide to the inner membranes of etioplasts. The pig ments were identified by co-chromatography with authentic pigments (data not shown). The main product was chlorophyll aGG (peak 2). A small amount of the "allomerisation" product, 132-hydroxy-chlorophyll, (peak 1) was formed under these conditions. The product of allomerization was also found when we investigated the esterified pigments obtained by infiltration of zinc pheoph orbide into etiolated oat leaves (Scheumann et al., 1996) . When the etioplasts had been incubated with chlorophyllide but without geranylgeranyl di phosphate, only chlorophyllide (peak 4) and traces of the 132-hydroxy deriative (peak 3) were found (Fig. 4B ). This result confirms the previous finding that intact plastids loose the endogenous geranylgeranyl diphosphate during the isolation procedure.
We used the penetration o f chlorophyllide and subsequent esterification to check whether the dif ferent effect of chlorophyllide and chlorophyll upon magnesium chelatase activity (Table I) was also found when the chlorophyll was formed within intact plastids. As shown in Fig. 5 , pro longed preincubation of etioplasts with chloro phyllide resulted in stronger inhibition o f che latase activity compared to shorter preincubation (Table I) . Contrary to the results with exogenous chlorophyll, the activity with endogenous chloro phyll, i.e. incubation together with geranylgeranyl diphosphate, was not higher than that with chloro phyllide alone. This could either mean that chloro phyll inhibits magnesium chelatase to the same ex tent (or even somewhat more than) chlorophyllide and that exogenous chlorophyll does not penetrate to the site of the enzyme, or the esterification that is not complete under these conditions (see Fig. 4 ). does not remove enough of the inhibiting chloro phyllide from the magnesium chelatase. We can- not distinguish between these alternatives at the moment.
Conclusions
The strong inhibition of magnesium chelatase activity by pheophorbide can be physiologically significant. Pheophorbide is an early intermediate o f chlorophyll breakdown (Langmeier et al., 1993; Vicentini et al., 1995) . Magnesium dechelatase that removes magnesium from chlorophyllide is acti vated i.e. transformed from a latent to an active form in senescent leaves (Vicentini et al., 1995) . Inhibition of magnesium chelatase seems to be of advantage under the conditions of senescense. As soon as chlorophyll breakdown starts (with forma tion of pheophorbide), synthesis o f chlorophyll is inhibited (by pheophorbide) at the stage o f the key enzyme magnesium chelatase.
The permeability of the plastid envelope for chlorophyllide (this paper) seems to be surprising at the first view. However, it is in line with a number o f scattered observations which point to permeation of different tetrapyrroles through the plastid envelope. If we accept the localization of magnesium chelatase in the plastid stroma, then both the substrate protoporphyrin and probably also the inhibitor pheophorbide (this paper) must penetrate the envelope. A transport system for protoporphyrinogen or protoporphyrin from plastids to mitochondria has been postulated (Jacobs and Jacobs, 1993) based on the finding that earlier enzymes o f tetrapyrrole biosynthesis, e.g. porpho bilinogen deaminase (Witty et al., 1996) and coproporphyrinogen oxidase (Smith et al., 1993) are confined to the plastids but protoporphyrino gen oxidase and ferrochelatase have been found in both plastids and mitochondria. The phytochrome chromophore is synthesized within the plastids and exported into the cytoplasm for incorporation into the apophytochrome protein Lagarias, 1991, Terry et al., 1993) . Magnesium proto porphyrin and its methylester have been discussed to interfere with cytoplasmic proteins or acting as possible effectors for expression o f nuclear genes (Johanningmeier and Howell, 1984; Johannigmeier, 1988; Oster et al., 1997) . A t least for some of these observations, a specific tetrapyrrole trans port system in the plastid envelope must be postulated.
